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EXPERIMENTAL STUDY OF BUILT-UP LAYER FORMATION DURING MACHINING OF HIGH STRENGTH FREE-CUTTING STEEL
Metz -France stress-raisers initiating crack formation and then embrittling the chip (Bernsmann et al., 2001 ). In the flow zone, inclusions are also strongly bonded to the rake face and plastically deformed in the chip flow direction. They also act there as stress raisers and may form a thin layer i.e. a Built-Up Layer which mainly protects the tool rake face and increases tool life. The overall influence of inclusions on machinability depends on their quantity, size, shape, distribution, physical and mechanical properties (Gladman and Pickering, 1962) . In the following, effects of sulphides and oxides inclusions are described first then the formation of a Built-Up Layer is detailed.
Sulphides inclusions
Sulphur is the most important non-metallic element present in the composition of free-cutting steel.
The main part of sulphur is combined with manganese, forming manganese sulphide inclusions.
According to Kiessling and Lange (1990) , the other main sulphide inclusions types are iron sulphide FeS and (Mn,Me)S (Me as metal). The first detailed studies on the positive effect of sulphides on steel machinability were performed during the sixties and were continued in the following decades until today.
In their study, Naylor et al. (1976) observed that an increase in sulphur content results in shorter chips;
and Trent and Wright (2000) noted that this reduces the tool-chip contact length and decreases cutting forces. Unfortunately it affects mechanical properties such as notch toughness.
Three different types of manganese sulphide inclusions are to be distinguished according to Sims and Dahle (1938) , each having its particular shape and characteristics:
 Type 1 sulphides are spheroidal due to their solidification in the liquid metal. They are found regularly distributed in steel. The melting point of pure MnS is about 1600°C. Sulphides in steel are not pure and contain oxides (FeO, MnO, SiO 2 ) and FeS which decrease the melting temperature under the liquidus of steel (around 1500°C).
 Type 2 sulphides were first observed on final products having concentrations of about 0.002 %wt. Al and about 0.008 %wt. active oxygen. These sulphides are usually found in killed steel when a too strong deoxidization leads to a too low level of oxygen (lower than 0.01%). They segregate in a eutectic like MnS-phase at 1180°C. Type 2 sulphides are not supposed to be found in closed segments but rather as fine sulphides in a fan or chain like pattern, actually precipitated as interconnected branched rods. These sulphide inclusions can be considered as detrimental to the machinability.
 Type 3 sulphides appear at very low oxygen contents in iron melts with low melting temperature. They are randomly dispersed. Their shape is angular or faceted. These sulphides only occur when an excessive amount of deoxidizer is used; this should be avoided by the steelmaker. This type of sulphide should not be found in steel.
The most common solution adopted by steelmakers consists in limiting the sulphur content and promoting type 1 sulphides which are softer and less abrasive than types 2 and 3. During the cutting process, sulphide inclusions are elongated in the primary shear zone, and more extensively in the flow zone adjacent to the tool-chip interface where additional shearing occurs. As noted by (Kiessling and Lange, 1990) , sulphide inclusions act as stress raisers in the shear zones and then facilitate chip formation and chip flow. This stress raising effect depends on inclusions shape and size. At the toolchip interface low concentration of elongated sulphide inclusions is more efficient than a high concentration of small spheroid inclusions. Gladman and Pickering (1962) compared the friction force at the tool-chip interface and the number of sulphide inclusions. Machinability is improved by an increasing size of sulphide particles and a decreasing number.
Finally, it was experimentally verified that sulphide inclusions can be continuously deposited on rake and flank faces of the tool and deformed to form thin layers. These thin layers act as diffusion protective barriers (Bittes, 1993) . The formation of these transfer or Built-Up Layers is examined in the following.
Oxides inclusions
Steelmaking processes produce oxide inclusions: endogenous inclusions provided by steel deoxidation and exogenous inclusions due to slag or refractories. Oxide inclusions fall into two main categories: hard and brittle inclusions on the one hand and malleable ones on the other. Hard and brittle inclusions never deform plastically at any temperature encountered in steel cutting process and have thus a detrimental effect on steel machinability. They are often sharp-edged and induce a high tool wear rate. Corundum, escolaite or spinels belong to this category (Kiessling and Lange, 1990 Kiessling and Lange describe their effects on Al and Si-deoxidized steels (Kiessling and Lange, 1990) .
After Ca-treatment, manganese sulphide inclusions composition can be also modified leading to less malleable inclusions. Aluminium oxides are transformed to complex CaO-Al 2 O 3 or CaO-Al 2 O 3 -SiO 2, depending on the initial deoxidation process. The new complex oxides have a smoother geometry reducing their abrasiveness. Silicates are also transformed into complex CaO-Al 2 O 3 -SiO 2 inclusions.
When sulphur content is high, calcium treatment can modify the sharp-edged Al 2 O 3 inclusions into globular calcium-aluminates surrounded by soft rims of (Ca,Mn)S (Ruppi et al., 1998) . During cutting of Ca-treated steels, adhering layers with compositions similar to that of the inclusions in steel are often formed on the tool. These Built-Up Layers reduce tool wear, especially crater wear (Larsson and Ruppi, 2001 ).
As for the sulphide inclusions, the oxide inclusions which deform plastically have a positive influence in the shear zones of the cutting process. Chip breakage is favoured. The inclusions layers or Built-Up
Layers formed on the tool faces have a lubrication effect limiting the increase in temperature at the tool-chip and tool-work material interfaces (Bittes, 1993) and act as diffusion protective barriers.
Built-Up Layer
Built-Up Edge BUE and Built-Up Layer BUL are two different phenomena. BUE corresponds to the accumulation of work material greatly strengthened by extremely severe strain adhering around the cutting edge (Trent and Wright, 2000) ; it occurs at low cutting speeds. BUL corresponds to a selective transfer layer (Hamann et al., 1994) ; it appears when inclusions, mainly sulphide and/or oxide inclusions, are transferred from the work material onto the rake face (or the flank face) as a thin layer.
Thus, two points differentiate these two phenomena: the morphology and the composition.
BULs are observed when machining several kinds of steels: leaded and unleaded low carbon freecutting steels (Essel, 2006) , low alloy medium carbon steels with various sulphur contents and calcium treatment (Bittes, 1993) , calcium treated stainless steels (M'Saoubi and Chandrasekaran, 2005) BULs are detected on the rake face and the flank face of the tool, as reported by (Essel, 2006) or (Nordgren and Melander, 1990) . On the rake face, the BUL is deposited in the chip flow direction and is located in the central region of the tool-chip interface (Qi and Mills, 2000) . As noted by these authors, BUL formation, as all the phenomena occurring in the flow zone (secondary shear zone), depends on the local conditions of stress, shear, shear rate and temperature, and on the local properties of tool and workpiece. More generally, following Brion (1993) , three major parameters control BUL formation: 1 -the inclusionary state of the steel, 2 -the chemical and geometrical nature of the tool surface and 3 -the cutting conditions (cutting speed, feed per revolution, depth of cut). BUL is mainly characterised by its composition, its morphology and its thickness.
For engineering steels with low sulphur, built-up-layers can be composed of sulphide and / or oxide inclusions (Bittes, 1993) ; and free-cutting steels with high sulphur, BULs mainly contain manganese sulphide MnS, (Brion, 1993) .
Tool coating as well as tool material have a major influence on BUL occurrence. Katayama and Imai (1990) (Ruppi et al., 1998) for their cutting tests on engineering steels. The wear in the sliding zone was reduced with all coatings except for Al 2 0 3 . The decrease in crater wear rates with TiC, Ti(C,N) and TiN coatings was clearly explained as a result of Ca-treatment. Wicher and Pape (1967) machined low sulphur engineering steels and observed that BUL thickness increases with TiC content in the tool material. Bittes (1993) investigated both low sulphur and resulphurized engineering steels. Cutting tests were performed with a P30 uncoated carbide containing about 8% TiC. Uncoated carbide tool appeared also able to form sulphide BUL even for low sulphur steels.
According to various authors, such as Brion who has machined free cutting steels with coated and uncoated carbide tools (Brion, 1993) or Helle who has focused on engineering steels machined with carbide tools (Helle, 1995) or Brandt and Mikus who have used ceramic tools to machine engineering steels (Brandt and Mikus, 1987) , the BUL can and even should chemically react with the cutting tool during machining. The extremely severe thermo-mechanical conditions occurring at the tool-chip interface could therefore be considered as catalyser, enhancing the possible chemical reactions. (Helistö et al., 1990) . It was also assumed that wettability of non-metallic inclusions with tool is considered as a prerequisite for the BUL formation (Katayama and Hashimura, 1993) .
Most of experimental studies on BUL formation were performed using cutting tools with plane rake face even for recent works. Only a few authors led experiments using cutting inserts with chip breaker, for instance Essel (2006) for free cutting steels and Nordgren and Melander (1990) for engineering steels. Chip breaker largely modifies stress distribution at the tool-chip interface (Wang and Jawahir, 2007) , and thus BUL location is changed. Sulphide layers were observed in the vicinity of the cutting edge and at the end of the tool-chip contact zone (Nordgren and Melander, 1990) or (Essel, 2006) when BUL is currently observed in the middle of the tool-chip interface with plane rake face.
Many studies highlighted that BUL thickness and even its composition evolve with cutting speed; in particular BUL starts to appear when BUE disappears. Opitz and König (1962) as well as Wicher and Pape (1967) have shown that sulphide inclusions may induce a first Built-Up Layer at low cutting speed since oxides inclusions are involved in BUL at higher cutting speed. Researchers have observed that BUL thickness increases and then reaches a maximum value, up to 30 µm for Helle (1995) , and progressively decreases leading to a rapid tool wear. This trend has been found for freecutting steels (Brion, 1993) , engineering steels (Nordgren and Melander, 1990) 
Experimental procedure

Work material
The investigated steel is a high strength free-cutting steel Usimax® D950 1 ; Table 1 gives an indicative chemical composition, and Table 2 provides its main mechanical properties. Several metallurgical treatments were applied to this steel to enhance both strength and machinability.
Table 1
Chemical indicative composition of the Usimax® D950. (wt%).
0.455 1.517 0.012 0.299 0.225 0.088 0.119 0.011 0.128 Table 2 Mechanical properties of the Usimax® D950. 
Cutting tool
Two types of machining tests were performed: bar turning tests for BUL formation observations and orthogonal cutting tests to access cutting temperatures. The tool inserts were, for the two series of tests, KENNAMETAL TPGN 160304 KCU10 (ISO P10) coated carbide inserts. KCU10 grade additionally featured a dual-layer coating application, a top layer of AlSiTiN covering a second layer of AlTiN. The used tool holders led to a major cutting edge angle  R of 90° and a major cutting edge inclination angle  S of 0° for both bar turning and orthogonal cutting operations. Cutting insert geometry was positive with a rake angle γ and relief angle α respectively equal to 6° and 5°. Nose radius r ε was low: 0.4 mm.
Machining experiments  Bar turning tests
Bar turning tests were performed dry using a SOMAB Optimab 450 CNC lathe. Cutting forces were measured using a 3-components KISTLER 9121 dynamometer. These experiments were carried out to study the influence of cutting speed V C and Uncut Chip Length UCL on the BUL formation on the tool rake face. Four different cutting speeds and five different Uncut Chip Lengths were selected (see Table 3 ). All the combinations have been tested, leading to 20 cutting tests. For each set of cutting conditions, a new cutting insert was used. Table 3 Turning tests conditions. 200, 300, 400} {1, 3, 10, 30, 200} 3 0.3 Preliminary cutting tests have highlighted feed and depth of cut ranges which promote short and steady chips. Depth of cut was finally chosen ten times greater than the nose radius to minimize the tool nose effect and then provide semi-orthogonal cutting conditions. The high sulphur content of Usimax® steel (about 0.3 %) implied the rapid onset of BUL formation; therefore only low Uncut Chip Lengths were machined.
After each cutting test, the cutting insert was observed using two techniques:
 Micro topography analysis, using an ALICONA InfiniteFocus SL, in order to describe the BUL morphology (location, covered area, volume, average thickness).
 SEM + EDX analysis, in order to determine the location and composition of the BUL on the tool rake face as well as the tool-chip contact length. Measurements were performed using a JEOL 7001 FLV SEM equipped with an OXFORD EDX probe (Silicon Drive Detector X-Max, 50 mm²). EDX analyses were made using an accelerating voltage of 15 kV, a working distance of 13 mm. The accelerating voltage was chosen to investigate the upper layers of the BUL. The magnification was 75 x. This value was supposed to warrant a broad field of view and a negligible image distortion.
 Orthogonal cutting experiments and IR thermography
Orthogonal cutting tests were performed dry using a SOMAB Univer 700 milling machine. Cutting forces were measured using a KISTLER 9257A dynamometer. Cutting temperatures were measured using a FLIR SC7600 MWIR camera equipped with a G1 lens. These experiments were devoted to temperature measurement at the tool-chip interface. Cutting conditions are the same as those used for bar turning tests. However cutting depth was reduced to 2 mm and Uncut Chip Length was limited to 8 meters.
Table 4
Orthogonal cutting tests conditions.
Combined cutting forces and IR thermography measurements were performed in order to describe the thermo-mechanical conditions at the tool-chip interface during the BUL formation. All the cutting tests were performed at least twice, in order to check the reproducibility of the experiments.
Experimental setup for the orthogonal tests -IR camera
The experimental setup devoted to IR measurements has been developed in our laboratory and described in a previous paper (Artozoul et al., 2014) .
Experimental samples were tubular parts with an outer diameter of 40 mm. The samples were integrated into the tool holder of the milling machine spindle. Orthogonal cutting conditions were obtained by removing the end of the tubular part of the samples using the cutting tool. This tool was attached to the dynamometric table, which was fixed on the machine table (see Fig. 2 
. ).
A lateral view of the cutting process (in a plane perpendicular to the cutting edge) was recorded with an infrared camera. This camera was adapted into CNC machine by using a special device screwed onto the machine table. In order to obtain thermal maps of the cutting tool, the chip and to observe the tool-chip interface, the tool insert was ground in a plane perpendicular to the cutting edge. With this experimental setup, both forces and temperature fields were measured simultaneously.
The IR camera used in the experiments was a FLIR SC7600 MWIR equipped with a G1 lens. The spectral range of the complete infrared device extends from 3.5 to 5 µm. Two temperature ranges were used: the first one up to 300°C and the second one from 300°C to 1000°C (both temperature ranges are given for a black body). Different integration times were employed: from 60 up to 450 µs depending on the temperature range. The array definition was 432 x 332 pixels and the spatial resolution was 15 µm x 15 µm / pixel, providing a field of view of about 6.48 mm x 4.98 mm. The full frame rate of the camera was about 100 Hz. The chosen settings have enabled an increase in the frame rate which was about 200 Hz. The focal distance was very short (i.e. 30 mm) thereby the camera was placed very close to the observed cutting zone (see Fig. 2 . ). The Noise Equivalent Temperature Difference (NETD) was less than 25 mK for a black body at 25°C.
Fig. 2.
Thermographic setup used, from (Artozoul et al., 2014) .
Results and discussion
This study focused on Built-Up-Layer formation and its influence on parameters such as cutting forces 
Cutting forces
Cutting forces measured during the bar turning tests are first examined. Fig. 3 shows the evolution of the cutting force and feed force with the Uncut Chip Length during several tests carried out with the same cutting speed value (V C = 100 m/min) but with increasing maximum Uncut Chip Lengths (from 1 to 60 m). Generally, the cutting forces are expected to rise slightly with increasing Uncut Chip Length, due to progressive tool wear. Fig. 3 reveals that the cutting forces remain sensibly constant throughout the duration of the cutting tests. In consequence, it can be assumed that the wear is negligible; this was verified by the observation of inserts after machining. For the same reason, the graphs are limited to 3 meters along the x-axis (Uncut Chip Length). In addition, the measured values of F C and F F are the same for all the tests, showing a very good reproducibility of the cutting experiments and measurements.
Peaks in cutting force signals are detected at the beginning of the cutting process, for a cutting length of about 0.3 m. Such cutting force peaks have already been observed when machining improved machinability steels (Grolleau, 1996) . They were assumed to be due to BUL formation. Reducing in cutting force is approximately 15%, while it is of about 5% for feed force.
IR camera G1 lens
Kistler Fig. 3 . Cutting and feed forces during turning operations at V C = 100 m/min at the tool entry (for UCL less than 3 m) and for the whole cutting tests.
Specific cutting and feed forces are evaluated using the following equations:  should be regarded as an apparent average friction coefficient since µ provides an instantaneous value of apparent friction coefficient. The two coefficients take into account both the sticking and the sliding which occurs in the flow zone.
A direct comparison of the values obtained for specific forces and apparent friction coefficient after bar turning tests (semi-orthogonal cutting tests) and after orthogonal cutting tests was realised for all the cutting conditions. It appears that the results are very close for the two cutting operations; using both bar turning tests and orthogonal cutting tests for the experimental procedure is justified. Fig. 4 shows, for different values of cutting speed, the evolution of the instantaneous apparent friction coefficient just after tool entry. It appears that the friction coefficient reaches very quickly a maximum value at the beginning of the cutting process and then decreases to stabilize at a value which remains constant. This evolution is similar to the one observed for the cutting and feed forces, 
Tool rake face micro topography
After the bar turning experiments, rake face micro topography of all the 20 different cutting inserts were measured using an ALICONA InfiniteFocus SL equipped with a 20x objective. Measurement field was a 1x1 mm² square. The investigated zone on the rake face is described Fig. 6 . It is located far enough from the tool nose. In accordance with the study of (Larsson and Ruppi, 2001 ) and (Schultheiss et al., 2013) , three different zones may be distinguished in the tool-chip contact area ( The BUL is thus formed in the area B, where a high compressive stress is still present (Molinari et al., 2012) .
BUL grows progressively and its morphology can change depending on Uncut Chip Length. To reach such longer UCL, it has been necessary to process successive longitudinal turning passes, i.e. successive tool entries and exits from the work piece. These successive entries and exits induce thermo-mechanical loading and unloading cycles at the tool-chip interface and then deeply change the BUL morphology. As a consequence, the former BUL located on the rake of the cutting insert can be partially removed by the sliding chip, and only a small BUL is observed after 200 m. In addition a slight start of tool wear on the rake face can be observed. However this tool wear does not exceed 2 µm. The same observations are also made for the other cutting speeds (except for 100 m/min). Fig. 9 presents the evolution of the average BUL thickness as a function of the speed and of the machined length. The mean BUL thicknesses were calculated using the measured tool-chip contact length. These observations allow us to rank the four investigated cutting speeds and Uncut Chip Lengths concerning their ability to ease BUL appearance on the rake face of the tool (see Fig.10 ). The light green area represents the domain where the mean BUL height is over 2 µm and the green area where the mean BUL height is over 3 µm. By comparison, the tool coating height of the insert is 2 µm. It may be supposed that such a thick BUL is able to protect efficiently the cutting tool from various wear mechanisms, such as abrasive wear or diffusion wear. The larger Uncut Chip Thickness was tested during multi-pass machining operations; thereby, results relating to the BUL thickness should be discussed more carefully. The BUL appears discontinuous and the lacks of deposited work material lead to a decrease of the mean BUL height; however, the BUL may have been damaged during the multiple tool entries and exits. A dotted border is thus used on Fig.10 to highlight these specific cutting conditions. Fig.11 shows an SEM image of the investigated zone and an example of EDX map produced for one of the chemical elements scanned (here sulphur). Differences in BUL covering are significant: BUL density seems higher in the shearing and sliding zone (zone B of the tool chip interface, see Fig. 8 ).
SEM + EDX analysis
SEM observations and EDX analyses show that melted steel particles are often spread beyond the tool-chip contact zone when machining; however these deposits must not be considered as BULs. The right image shows BUL with a 1200x magnification. Chip Flow Direction is clearly visible and is not strictly perpendicular to the cutting edge. This is due to the action of the tool nose. Cracks are also visible. They are due to tool cooling when the last chip leaves the rake face. For multi-pass machining operations, these cracks may weaken the BUL and then parts of the BUL may be taken away by the chip. In addition to the EDX maps (Fig.11) , EDX profiles have been generated. These results are directly linked with the high sulphur content of the machined steel (0.299 %) and the ability of the tool coating to promote the BUL adhesion. Many authors have already studied the ability of several tool coatings to promote the formation of BUL during machining (Brion, 1993) (Katayama and Imai, 1990 ) and pointed out the important role that titanium seems to play through its good affinity with sulphur. These results leads us to believe that the coating (AlTiSiN) of the used cutting inserts enhances the formation of MnS layers.
The EDX analysis of Ti, Si and Al (which are present in the tool coating) show that the formed BULs are thick enough to hide the tool coating (for an accelerating voltage of 15 kV).
Several techniques have been tested to measure properly the tool-chip contact length: SEM and optical observations, EDX analysis and IR thermography. Results have been compared; however the best accuracy is reached with EDX analysis. Thermal images post-processing clearly highlights that tool-chip contact length shows small variations. Contact appears as intermittent at the end of the toolchip contact zone. EDX analysis enables to estimate contact severity and then to develop postprocessing techniques avoiding subjectivity. Fig.12 shows that the zone covered by the BUL was about 600 µm length for all the investigated cutting conditions. However, it appears that this value is certainly longer than the actual tool-chip contact length. Indeed, at the end of the tool-chip contact zone, some transferred material (i.e. manganese sulphides) can be spread from the chip onto the rake face, and finally hide the actual end of tool-chip contact zone. A fine observation of the tool-chip contact zone leads us to think that the actual tool-chip contact length is about 550 µm for the four investigated cutting speeds.
Finally, several remarks can be done:
-BUL, which is due to MnS deposition, have approximately the same length on the tool rake face: about 550 µm from the cutting edge (see Fig.12 ).
-The covered area by the BUL seems stabilized for UCL between 10 m and 30 m. -BUL formation seems to begin first at about 300 µm from the cutting edge, and then grows progressively.
All these outcomes are consistent with those provided by micro topography analysis. Fig. 13 shows an example of IR image collected with the camera. It clearly shows the faces of the cutting tool as well as the surfaces of the workpiece (the rough one on the left and the machined one on the right). The shear angle  may be measured from temperature rise. The tool-chip interface can be easily identified and the temperature distribution computed based on calibration curves. The measured mean cutting temperature was approximated using an empirical model. The model constants are used to compare the thermal evolution of the tool interface for different cutting conditions and to correlate temperature and friction coefficient. The model combines an exponential function for the rapid temperature increase when the tool begins machining and a linear function for the pseudo-stationary state (Artozoul et al., 2014) :
IR Thermography
Where x represents the Uncut Chip Length and T 0, L 0 and B are constants. These constants were determined for each cutting test using a least square method: the coefficient of determination R² is also proposed to check the relevancy of the chosen model. The constant T 0, may be considered as a temperature. The constant B characterizes the linear evolution of the temperature in the pseudosteady state; when B is found small enough, the stationary assumption may be easily accepted. The constant L 0 is equivalent to a response time but is expressed as a length. It should be regarded as proportional to the Uncut Chip Length necessary to overcome the transient state due to the tool entry. Table 5 gives values of these constants for each tested cutting speed.
Table 5
Parameters for the temperature evolution versus Uncut Chip Length. The mean pseudo-steady temperature of the cutting tool (taken after an Uncut Chip Length of 3 m) and the specific cutting force depending on the investigated cutting speed are plotted on Fig.16 . Only a slight decrease of the specific cutting force is observed while mean temperature increases from 543°C for V C = 100 m/min to 656°C for V C = 400 m/min (see Fig.16 ). Fig.16 . Mean rake temperature and specific cutting force evolution with cutting speed. Fig.17 shows the four pseudo-steady state temperature distributions, depending on the chosen cutting speeds. The four temperature distributions have the same trend regarding the position of maximum temperature located at about 100 µm from the cutting edge. As previously observed (see Fig.16 ), the increase in temperature with the increasing cutting speed is not linear, and relatively low.
In the case of engineering steels, M'Saoubi and Chandrasekaran (2004) have pointed out that an increase in cutting speed can result in a displacement of the maximum tool temperature point closer towards the cutting edge. The temperature distributions measured show that the increase in cutting speed does not result in such a phenomenon. For all the cutting conditions investigated, temperature distributions show two main zones:
-From 0 to 100 µm from the cutting edge: the temperature increases rapidly due to the plastic shear occurring in this zone which corresponds to sticking zone defined previously.
-Beyond 100 µm from the cutting edge: the temperature decreases almost linearly. In this zone, sliding contact appears progressively and the shear decreases gradually up to the end of the tool chip contact length (almost 550 µm far from the cutting edge). Beyond the tool-chip contact zone, temperature still decreases linearly.
Discussion
At the very beginning of the cutting operation (the first decimeters of Uncut Chip Length), the cutting forces increase and reach a peak and then decrease to almost steady values, Fig. 3 . This peak was also observed by Hamann et al. (1994) and was linked to BUL formation; however this explanation should be balanced. A peak in cutting forces signal is much more complex to discuss since it is also observed when machining steel without BUL formation. According to our results, it appears rather associated with the transient thermo-mechanical state at the beginning of the cutting process. Indeed, the peak in cutting forces is observed for an UCL between 0.1 and 0.25 m and, at the same time, the temperature at the tool-chip interface (Fig.15) increases very rapidly and the instantaneous friction coefficient (Fig. 4) decreases significantly. BUL appears quickly, however the EDX analyses (Fig.12) show that the BUL is not stabilized before an UCL between 3 and 10 m.
The role that the cutting temperature plays on the tool-chip friction coefficient has already been investigated. Temperature is commonly supposed to reduce apparent tool-chip friction coefficient: metal cutting modeling based on this assumption proposes relevant trends and theoretical results close to experimental values (Moufki et al., 1998) . Tribological experiments dedicated to the tool- workpiece tribo-system also show that friction coefficient decreases when sliding speed increases (Zemzemi et al., 2009 ). The BUL also decreases the cutting force and feed force. This decrease seems to have a higher impact on the feed force. As a result, the tool-chip friction coefficient reaches a low value (about 0.35) and the severity of the contact conditions at the tool-chip interface is reduced.
SEM observations and EDX analyses indicated that the BULs were mainly the result of the deposition of MnS inclusions. Such a trend is in accordance with the result of the analyses of the inclusions in the steel. The measurements also show that the main part of the tool-chip contact zone is already covered after an Uncut Chip Length of only 10 m. The high sulphur content of the steel (almost 0.300 %) as well as the tool coating (AlTiSiN) explains this very quick BUL appearance. For longer cutting lengths (>10m), the BUL does not grow, it remains stable on the cutting face or is evacuated with the sliding chip and then renewed.
Cutting speed plays a major role on the BUL formation. Firstly, an increase in cutting speed leads to an increase in chip sliding speed and a decrease in friction coefficient. As a consequence, MnS inclusions which were revealed by the cutting edge and which slide on the tool rake face have less time to be transferred (partially or totally) onto the rake face. Nevertheless they adhere and then become part of the BUL. Moreover an increase in cutting speed leads to a higher temperature at the tool-chip interface, which modifies steel and inclusions viscosity as well as BUL mechanical properties.
Tool measurements have shown that BULs are completely formed at an Uncut Chip Length of about 10 meters i.e. much more than the UCL for which the thermal pseudo-steady state is reached (about 1.5 m). For longer Uncut Chip Lengths, BUL did not increase in size but its morphology remained stable. However, BUL is certainly evacuated continuously with the sliding chip and renewed continuously due to the newly transferred sulphide inclusions provided by the steel.
Machining tests suggest that there should be a threshold value for cutting temperature above which BUL is unable to remain stable on the tool rake face. This temperature is about 650°C for the steel being machined and the tool being used. This leads us to believe that BUL range of existence should be expressed using both cutting speed and Uncut Chip Length. Brief machining operations could be then performed at high cutting speed allowing BUL to appear: in an industrial context involving a production in series, the UCLs of the turning passes are currently less than 30 m. Inclusions as well as tools and cutting conditions should be selected to protect the cutting tool efficiently with the BUL as far as possible. The promptness to form a BUL appears as the most critical point. These results correspond to those of other authors (Brion, 1993) .
All the observed BULs present an important number of cracks (see Fig.11 ); these cracks may be attributed to thermal stresses occurring during the cooling of the tool during the machining process.
Such phenomenon has already been reported for free cutting steels (Brion, 1993) or engineering steels (Nordgren and Melander, 1990) . These cracks may amplify the tendency of the BUL to break up and not to remain stable on the cutting tool. This phenomenon may be more prominent when the cutting tool makes several successive longitudinal turning passes involving successive tool entries and exits from the workpiece. High sulphur content in free-cutting steels allows them to generate protective BULs extremely quickly. This is why the choice of both tool coating and cutting conditions may play an essential role promoting an efficient BUL appearance and thus protecting the cutting tool.
Conclusions
The main objective of this work was to analyze the BUL formation during the cutting process of Usimax® D950, a high strength free-cutting steel with 0.3 % sulphur content and specific metallurgical treatments for machinability enhancement. These experiments provided also an opportunity to test a new AlSiTiN coating. Cutting tests investigated wide ranges in cutting speed (from 100 to 400 m/min) and Uncut Chip Length (from 1 to 200 m) to cover a broad spectrum of industrial applications.
A complete original experimental approach was proposed and performed. Cutting forces and cutting temperatures were measured during semi-orthogonal (bar turning) and orthogonal cutting tests. All the cutting inserts were examined using SEM with EDX analysis and 3D measurements were taken to characterize the formed BUL. The chemical composition of BUL was obtained and the outcome of the BUL over time was studied. Links between BUL formation, temperature distribution and apparent friction coefficient at tool-chip interface were established. Significant BULs were produced with local thicknesses up to 12 µm and average thicknesses up to 5 µm. BULs were mainly composed of MnS inclusions coming from the steel. It appears that the BUL is formed in the sliding and shearing zone of the tool-chip interface.
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